1. A purification procedure for the dimeric arginine kinase of the sea cucumber Holothuriaforskali is described. 2. The enzyme has a mean molecular weight of 77250 and is composed of two equal, dissociable subunits. 3. It also shows co-operativity between substrate binding at one catalytic site to a much greater extent than the monomeric lobster arginine kinase for which such co-operativity could not be detected unambiguously. The constants for substrate binding are reported assuming that the enzyme follows rapidequilibrium random kinetics. From a comparison with other species, the development of co-operativity between the nucleotide-and guanidine-binding sites on one subunit is suggested to have occurred more than once in the evolution ofthe phosphagen kinases and is not dependent on subunit aggregation. 4. Both enzymes show similar pH profiles for thermal inactivation at 22'C and have very similar stabilities. Above 40°C the dimeric enzyme is much more stable than the monomer. Rate constants for heat inactivation and Arrhenius activation energies are reported. 5. The dimeric enzyme is also more stable to urea inactivation. Substrates and argininic acid all improve the stability of both enzymes. The effects of individual substrates are more distinctive with the dimeric enzymes and increase its stability to an extent that makes it about as stable as dogfish creatine kinase. In the physiological range dimerization does not seem to confer any particular advantage with respect to stability over the monomer form.
The phosphagen kinases catalyse the transfer of a phosphoryl group from MgATP to a guanidino acceptor molecule. Although among these enzymes the nucleotide substrate is constant, consistent with the function of an ATP-regenerating system, nine different guanidines have been recognized to act as the second substrate of the enzymes from different invertebrates, usually with a high degree of specificity (Eggleton & Eggleton, 1927; Morrison, 1973 ; Thoai et al., 1972) . Evidence is steadily accumulating that all these enzymes diverged from a common ancestral gene (reviewed by Watts, 1971) , with arginine kinase being considered as evolutionarily the most primitive. A second evolutionary trend in these enzymes has been subunit aggregation, and arginine kinase appears to be unique in existing as a monomer, dimer or tetramer enzyme that is the stable, functional form in a particular species (Morrison, 1973) . These differences might have arisen by selection for advantageous properties or by random drift onwhich selectionmight advantageously act in the future. The present paper reports the first of a series of investigations aimed at comparing in detail the properties of a monomer and a dimer * Present address: Department of Biochemistry, University of Nigeria, Nsukka, Nigeria.
Vol. 145 arginine kinase to find out whether a molecular basis can be recognized for distinguishing these two evolutionary procedures. In the process, information has also emerged that aids the biochemical understanding of arginine kinase per se. The present work reports the purification of a dimer arginine kinase from the sea cucumber (Holothuria forskali) and compares some kinetic and stability properties with those of the much-studied monomer arginine kinase from the lobster, Homarus vulgaris.
Materials and Methods Materials
Buffers. All buffer solutions were prepared by dissolving the appropriate amounts of the solid in distilled water and adjusting to the required pH values with dilute solutions of acid or alkali as indicated in the Methods and the Results sections. Double-distilled water was used for all solutions.
Substrates. ATP (disodium salt) was from Boehringer Corp. (London) Ltd., London W.5, U.K., or from Sigma (London) Chemical Co. Ltd., London S.W.6, U.K. Arginine solutions were made from arginine (free base, Sigma Chemical Co.). The pH was adjusted with dilute acetic acid. Desalting on a column (1 cmx 20cm) of Sephadex G-25. All subsequent chromatography of the preparation was carried out in the cold-room at 1°C. Sephadex G-25 was swollen in 5mM-Tris-HCl buffer, pH7.5, containing lmM-EDTA and 0.1mM-dithiothreitol, and the extract, after 24h dialysis against the same buffer, was applied to it. Elution was with the same buffer and 1 ml fractions were collected. Fractions with enzyme activity were pooled and concentrated to about l5ml by pressure filtration in a C50 pressure concentration cell (Chemlab Instruments Ltd., Ilford, Essex, U.K.) fitted with an Amicon UM20E membrane.
Chromatography on DEAE-Sephadex A-50. The product of the above stage was loaded on a column (2cmx 38 cm) of DEAE-Sephadex A-50, equilibrated with the same buffer used for the Sephadex G-25 column. By means of an LKB Gradient Mixer (Ultrograd 11300), a linear gradient between the above 5mM-Tris-HCl buffer and 40mM-Tris-HCI, pH7.5, containing 1 mM-EDTA and 0.1 mM-dithiothreitol was applied and 5ml fractions were collected. Enzyme activity was detected in fractions 36-68. Fractions 40-64 were pooled for the next stage.
Chromatography on Sephadex G-100. The protein solution from the above step was concentrated by pressure dialysis against 50mM-Tris-HCl buffer containing lO0mM-KCl, lmM-EDTA and O.1mM-dithiothreitol and passed through a column (3cmx 55cm) of Sephadex G-100 equilibrated against the same buffer. During elution with this buffer, 5ml fractions were collected and protein concentration and enzyme activity determined as described below. Enzyme activity was found in fractions 25-35, with fraction 30 as the peak. These fractions with activity were pooled and concentrated by pressure dialysis. The final product had a specific activity of 2.91 x 106 ukatals/kg (174.5 i.u.) and electrophoresis on polyacrylamide gels as described below indicated that it was homogeneous. The purification is summarized in Table 1 .
Arginine kinasefrom lobster
This was prepared from the tail muscles of the lobster by the method of Virden et al. (1965) .
Homogeneity
The final preparations of the arginine kinase from the two sources were run on 7% (w/v) polyacrylamide disc gels prepared in Tris-HCl buffer, pH8.9, with Tris-glycine, pH 8.3, in the buffer vessels as described by Smith (1968) . Before loading of the sample the gels were pre-run at 4°C at 300V (l5mA) for 30-60min to remove persulphate. After electrophoresis, the gels were stained for 2h with 0.25g of Coomassie Brilliant Blue R (Sigma Chemical Co.) in 100ml of 1975 The Holothuria preparation also behaved as a single homogeneous protein in the experiments to determine molecular weight described below.
Determination ofprotein concentrations
To determine the approximate protein concentration of crude extracts, the method of Kalckar (1947) was used by measurements of absorbance at 280 and 260nm, which were made with a Unicam SP. 800 spectrophotometer.
As a routine, concentrations of the purified lobster enzyme were determined by measuring E280
and by assuming E1l°m=7.35 (Roustan et al., 1971 ). Watts & Moreland (1970) . This system was used to determine the specific activity of enzyme preparations. Kinase (b) Coupled-enzyme assay. For routine analysis of column fractions as well as for the investigation of the initial-velocity patterns of the forward reaction, a coupled-assay procedure, slightly modified from Blethen & Kaplan (1967) , was used. The standard conditions in the total reaction volume of 2.5ml were: 50mM-Tris-acetate buffer, pH 8.6, 5mM-magnesium acetate, 0.75mm-phosphoenolpyruvate, 0.45mM-Vol. 145 NADH, 5OmM-ammonium acetate, 10,ug of pyruvate kinase/ml, 12.5 pg oflactate dehydrogenase/ml, 2mM-L-arginine, 4mM-ATP, plus an appropriate dilution of the enzyme to start the reaction at 30°C. The oxidation of NADH was monitored at 340nm on a Cary 16 S recording spectrophotometer.
Results
Determination of the molecular weight of H. forskali arginine kinase
The molecular weight of the sea-cucumber enzyme was determined by three methods.
(a) Thin-layer gel filtration. Pharmacia TLG apparatus was used. The method described in the monograph 'Thin-Layer Gel Filtration with Pharmacia TLG-Apparatus' was followed. (superfine grade) was swollen in 25mM-Tris-acetate buffer, pH 8.6, and spread on a plate (40cmx 20cm) to a thickness of 0.6mm. Solutions (0.5%) of the proteins cytochrome c, myoglobin, chymotrypsinogen, ovalbumin, lobster arginine kinase, rabbit creatine kinase and Blue Dextran were made up in the same buffer. Various protein standards (10,ul) were spotted on the plate by means of a Microdosimeter (model 328; J. A. Jobling, Stone, Staffs., U.K.).
Proteins were detected after chromatography by the 'replica technique' as described in the Pharmacia monograph. From the plot of the reciprocal of the migratory distance against logarithm of molecular weight of the various protein standards, the molecular weight of the sea-cucumber enzyme was calculated.
(b) Chromatography on a column (3cm x 55 cm) of Sephadex G-100. The method of Andrews (1965) was used. The sample applied to the column contained 5mg each of myoglobin, chymotrypsinogen, bovine albumin, hexokinase and Blue Dextran in 3 ml of the column buffer (a solution containing 50mM-Tris-HCI, 1 mM-EDTA and 0.1 mM-dithiothreitol, pH 8.0) together with 1 ml of the purified sea-cucumber enzyme to make up a final volume of 4ml. Elution was with the same buffer solution and 5ml fractions were collected and analysed.
The peak for myoglobin was detected by measuring the absorbance at 410nm and that for albumin by measuring the absorbance at 280nm. The arginine Yield 100 60 8.8 8.1 kinase peak was determined by assaying for activity in the coupled-enzyme system. The elution peak for hexokinase was determined by assaying for activity by the method ofChandler & Moore (1964). The peak for chymotrypsinogen was determined by treating fractions with trypsin to convert the enzyme into chymotrypsin, which was used to catalyse the breakdown of N-acetyl-L-tyrosine ethyl ester to Nacetyl-L-tyrosine and ethanol. Enzyme activity was measured by following the decrease in absorbance at 237 nm.
(c) Sodium dodecyl sulphate-polyacrylamide-gel electrophoresis. The method of Weber & Osborn (1969) was used. Cytochrome c, myoglobin, pepsin, ovalbumin, lobster, arginine kinase, ribonuclease and hexokinase were used as protein standards.
After electrophoresis the gels were stained with a solution consisting of 1.25 g of Coomassie Blue dissolved in a mixture of454ml of50 % (v/v) methanol and 46ml of acetic acid. The gels were destained by being left for several days with various changes of the destaining solution.
The thin-layer gel-filtration method gave less reliable results than column chromatography, largely because of the difficulty of making accurate measurements of RF values. However, the two methods gave values of 78500 and 76000 respectively which may be considered as good agreement. Sodium dodecyl sulphate-polyacrylamide-gel electrophoresis gave a molecular weight of 44500, which might be expected to be that of a single subunit, although it is clearly high. The precision of this method appears, from the calibration curve, to be similar to that for Sephadex chromatography, and no explanation is offered for the discrepancy. Kinetic properties These have been investigated in the direction of phosphoarginine synthesis. The coupled-enzyme assay was used to measure the initial velocity with various substrate concentrations. The MgATP complex was assumed to be the substrate for the enzyme and, to ensure complete complex formation, magnesium acetate was held at 1 mm excess over ATP (Cleland, 1967) .
Lines were fitted to the data by using an Olivetti P203 desk computer programmed for linearregression analysis with equal statistical weighting on all points. Fig. 1 shows the effect on the initial velocity of the forward reaction of varying the concentrations of arginine or MgATP at several fixed concentrations of the second substrate for the sea-cucumber enzyme. These double-reciprocal plots give families of straight lines that intersect in the second quadrant, indicating co-operativity between substrates. From these and the secondary reciprocal plots of the ordinate intercepts against the respective substrate concentrations, values of the dissociation constants were calculated for the dissociation of each substrate from the corresponding enzyme-substrate complex and from the ternary complex (Table 2 ). It was assumed that rapid-equilibrium random kinetics are followed, as has been found for the creatine kinases the Arrhenius activation energies have been calculated (Table 3) , where k = Se-EaIRT and is determined from the slopes of the curves in Fig. 2 Fig. 3 . Effect ofpH on the stability ofa monomeric and a dimeric arginine kinase assayed atpH8.6 and 30°C 0, Lobster enzyme; o, Holothuria enzyme. The coupledenzyme assay was used as described in the Methods section except that the following buffer systems were used: pH4.0-4.5, acetic acid-sodium acetate; pH5.0-6.5, succinic acid-NaOH; pH7.0-8.5, Tris-acetic acid; pH9.0-10.0, glycine-NaOH. Each enzyme was incubated at room temperature (approx. 22°C) for 30min in buffer, 50mM with respect to the first-named buffer component, before assaying for residual activity. The enzyme concentrations in the assay mixture were-0.344ug/0.4ml and 0.45.ug/0.4ml for the lobster and Holothuria enzyme respectively. [Urea] (M) Fig. 4 . Effect of urea on the activity of a monomeric and dimeric arginine kinase at pH8.6 and 30°C o, Lobster enzyme; 0, Holothuria enzyme. A sample (0.34pg) of each enzyme was used for each assay as described in the Methods section. Inactivation by urea. A portion (0.34,ug) of each enzyme in 50mM Tris-acetate buffer, pH8.6, was exposed to various concentrations of urea solution in 0.1 ml for 10min at 30°C and then 0.05ml of 40mM-arginine was added. After a further 5min 0.1 ml of 16mM-MgATP was then added to start the reaction for measurement of residual enzyme activities. Fig. 4 shows the amounts of recoverable activity for both types of enzyme. Fig. 5 shows that enzyme substrates and an arginine analogue (argininic acid) offer protection to the lobster enzyme against inactivation by this reagent. Fig. 6 shows the result of a comparable experiment with the Holothuria enzyme. Again both substrates and the substrate analogue offer protection.
Discussion
As is commonly found for other phosphagen kinases, arginine kinase occurs in high concentration in the longitudinal muscles of H. forskali and may be obtained essentially pure after only a 5.5-fold purification. This compares with the 3-20-fold purification required to purify the lobster muscle enzyme (Pradel et al., 1964; Virden et al., 1965) . Creatine kinase also occurs in high concentration, although with low specific activity, in aquatic animals. The dogfish muscle enzyme has to be purified only fourfold (Simonarson & Watts, 1972) and the carp muscle enzyme only sixfold (Gosselin-Rey & Gerday, 1970 ) to obtain homogeneous preparations. This compares with an approximately tenfold purification required for rabbit muscle creatine kinase (Kuby et al., 1954) . The specific activity of the Holothuria enzyme (175 units/mg) was only slightly less than that obtained for the lobster enzyme (210 units/mg) under comparable conditions, so that loss of enzyme activity does not explain the poor yield of enzyme (Table 1) that was consistently obtained with a series of preparations. In particular, the loss of activity at the DEAE-Sephadex step was puzzling, but the procedure was retained because it was simple and effective. The enzyme, once purified, was found to store and handle without undue activity loss. Losses in the early stages may be explained by the difficulty of freeing the original muscle from the glutinous coelomic fluid, which may carry digestive proteases through into the early stages of the purification and result in some co-precipitation at the (NH4)2SO4-fractionation stage.
The mean molecular weight for the purified Holothuria kinase was found to be 77250 by Sephadex chromatography, in fair agreement with the 81000 found by using crude muscle extracts (Moreland et al., 1967) . This gives a subunit molecular weight of 38600, very similar to that reported for the lobster enzyme of 37000 (Virden et al., 1966) . Sodium dodecyl sulphate-polyacrylamide-gel electrophoresis Vol. 145 gave a higher molecular weight for the subunit of 44500, but confirmed that, as for creatine kinase (Bayley & Thomson, 1967; Yue et al., 1968) , the enzyme is composed of two readily dissociable and identical subunits. These findings fit in with the observation that Holothuria arginine kinase and mammalian brain-type creatine kinase will readily form a hybrid possessing both activities and supports the inference that this is also dimeric. Watts et al. (1972) also found that crude extracts of Holothuria muscle gave two bands of arginine kinase activity, but only the faster band would form a hybrid. The purified enzyme gives only a single band which, from its mobility, corresponds to the faster band found in crude extracts.
Reliable kinetic studies of the phosphagen kinases are not easy to achieve. Roustan et al. (1971) confirmed an earlier suggestion by Virden et al. (1965) that lobster arginine kinase followed a sequential mechanism but, by using the coupled-enzyme assay rather than the phosphate assay to avoid product inhibition, found lower Michaelis constants for both arginine and MgATP and no evidence of co-operativity between substrates. The data presented here (Table 2 ) by using the coupled assay are in accord with these findings and although our data indicate some co-operativity between the binding of MgATP and arginine (Table 2 ) the values fall within experimental error. Indications of co-operativity between substrates within one catalytic site were also found by O'Sullivan et al. (1969) . Using proton relaxation they found that addition of L-arginine to the complex, MnADP-enzyme, decreased the enhancement of proton relaxation, from which an interaction may be inferred to occur between the guanidine-and nucleotide-binding sites. It may be concluded that lobster arginine kinase does show substrate cooperativity but that the effect is too small for unambiguous quantification by kinetic methods. The data for the Holothuria kinase, by contrast, appear to be sufficiently clear-cut to show that substrate cooperativity does occur. Thus co-operativity between the subsites binding substrates at one catalytic site appears to be an evolutionarily variable feature of arginine kinases not necessarily related to subunit interactions. Cheung (1973) observed subsite cooperativity with the monomeric honey-bee enzyme, and Moreland (1974) negative co-operativity between subsites with the monomeric enzyme from Pecten maximus, but it has not been found with the monomeric kinases of the king-crab, Limulus (Blethen, 1972) , the Australian crayfish, Panulirus longipes (Smith & Morrison, 1969) , or the tetrameric enzyme from the annelid worm Sabella pavonina (Robin et al., 1971) . Both the honey bee, Pecten and Holothuria are all advanced forms, indicating that this form of co-operativity is a late feature ofmolecular evolution; indeed, it appears to be the rule with the mammalian creatine kinases (Watts, 1973) , but these species are sufficiently well separated on the evolutionary tree to suggest that co-operativity, like subunit dimerization (Watts, 1971) , has occurred more than once in the evolution of the phosphagen kinases.
It might be supposed that a dimeric enzyme would be more stable than the comparable monomer form by virtue of the additional interactions between the subunits. In fact, as shown by Fig. 3 , the stabilities of the two enzymes are remarkably similar and have similar optima at a temperature near the physiological environmental range, with the monomer enzyme being rather more stable below the pH optimum and rather less stable above it. The expected differences are only revealed by stressing the enzymes in a totally unphysiological manner. At high temperatures near the pH optimum the dimeric kinase is 6.5-fold more stable to denaturation than the monomer ( Fig. 2 and Table 3) .
At pH8.6 the lobster enzyme is also considerably more sensitive to denaturation by urea (Fig. 4) than is the Holothuria kinase. However, even the latter is considerably less stable than creatine kinase of the dogfish, which has a similar environmental habitat. This enzyme, like that of the rabbit, has almost 80% residual activity in 1 M-urea and about 55 % residual activity in 2M-urea (Simonarson & Watts, 1972) , a concentration which decreases the activity of both arginine kinases to less than 10% of the initial value. The addition of individual substrates or argininic acid to the lobster enzyme all increased stability by about the same amount, which is now very similar, perhaps fortuitously, to that of the Holothuria enzyme (Fig. 5) . With the latter, stabilization is much more dependent on the substrate present. MgATP is considerably better than arginine and increases the stability to avaluecomparable with that of the dogfish creatine kinase in the absence of substrates (Fig. 6) . The finding that argininic acid was as good or better than arginine at stabilizing the enzyme was considered surprising in the light of the hypothesis that the a-ammo group of arginine makes an important interaction with the essential thiol group of lobster argininekinase to produce thecharacteristic difference spectrum (Roustan et al., 1968 (Roustan et al., , 1970 . The present results suggest that stabilization is associated with groups on arginine other than the a-amino group even though the latter may be important for producing a difference spectrum. Our unpublished work (E. 0. Anosike, B. H. Moreland & D. C. Watts) shows that argininic acid does not, in fact, give the characteristic difference spectrum with arginine kinase. This aspect of the work is receiving further attention, particularly in view ofthe report (Roustan et al., 1968) that blocking the essential thiol group on the enzyme prevents arginine from binding.
In conclusion, it may be said from an assessment of the present and previous work that development of subunit interactions occurred more than once in the evolution of arginine kinase and that although this may facilitate co-operative interactions between substrates in the catalytic mechanism it is not a prerequisite. Similarly although subunit interactions may improve enzyme stability this is not necessarily important in the normal physiological range of the animal.
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